This article reviews the progress of a personal endeavour to develop chromatography as a quantitative procedure for the determination of reaction stoichiometries and equilibrium constants governing protein interactions. As well as affording insight into an aspect of chromatography with which many protein chemists are unfamiliar, it shows the way in which minor adaptations of conventional chromatographic practices have rendered the technique one of the most powerful methods available for the characterization of interactions. That pathway towards quantification is followed from the introduction of frontal gel filtration for the study of protein self-association to the characterization of ligand binding by the biosensor variant of quantitative affinity chromatography.
Introduction
The potential use of chromatography for the characterization of protein interactions originates in the work of Tiselius [1] , who envisaged chromatography as a frontal technique in which sufficient solute solution was applied to the column to generate an elution profile containing a region with composition matching that of the applied solution. However, the chromatographic matrices available in the 1930s were not conducive to exploitation of the concept, which lapsed for over 20 years for want of experimental illustration of its application. Indeed, the concept of frontal chromatography was relegated to obscurity by the successful deployment of zonal techniques such as liquid-liquid chromatography [2] and ion-exchange chromatography [3] for the separation of amino acids. Meanwhile, Porath and Flodin had introduced the Sephadex range of molecular-sieve matrices [4] ; and Gilbert had made inroads into theoretical aspects of the migration behaviour of interacting protein systems in rapid association equilibrium [5, 6] . The stage was thus set for reincarnation of frontal chromatography in the context of gel filtration of self-associating proteins [7, 8] .
Frontal gel filtration and the study of protein self-association
At that time (the early 1960s) sedimentation velocity afforded the major means of detecting and characterizing protein interactions, the most popular of which were self-association equilibria. The introduction of frontal gel filtration [7] [8] [9] afforded a far more distinctive and definitive means of detecting rapid self-association equilibria. In the advancing boundary system the leading edge exhibits the migration characteristics of monomer because of the low protein concentration. However, the larger proportion of the oligomeric state at higher protein concentration gives rise to a systematic increase in migration rate across the boundary. Whereas the advancing boundary system is therefore sharpened by the consequences of protein self-association, the trailing boundary system exhibits correspondingly greater boundary spreading than that for a non-associating protein.
The existence of a monomer/oligomer mixture in rapid association equilibrium can thus be identified readily by failure of the advancing and trailing elution profiles to be mirror images of each other. This feature of frontal gel chromatography is evident in Figure 1 (a), which presents elution profiles for α-chymotrypsin on Sephadex G-100 (pH 7.9, I 0.03), the system selected [7] for chromatographic demonstration of the Gilbert theory. Such non-enantiography of advancing and trailing elution profiles is an unequivocal characteristic of rapid reversible association, a criterion afforded by no other technique currently in use.
Quantitative information about the self-association phenomenon is obtained most readily from the median bisector of the sharp symmetrical boundary that comprises the advancing elution profile. For an association equilibrium involving monomer (species 1) and a single higher oligomeric state (species n) this weight-average elution volume (V) is defined by the relationship
where V 1 and V n are the respective elution volumes of monomer and oligomer; and where c [7] and [10] respectively. V 1 is usually obtained asV in the limit of zero protein concentration ( Figure 1b) ; and that of oligomer (V n ) may be identified with the void volume of the column by suitable selection of the gel phase [10] . A dimerization constant, X 2 , of 3.2 l/g stems from analysis of those data for α-chymotrypsin on Bio-Gel P-30 (pH 3.9, I 0.20) in terms of mass action for a two-state self-association equilibrium, namely
Frontal exclusion chromatography affords a versatile means of characterizing protein self-association. It has been used to characterize the dimerization of bacteriophage λ cI repressor [11] , which occurs in the concentration range 1.3 ng/ml-0.3 µg/ml, as well as of tetrameric (α 2 β 2 ) haemoglobin in the concentration range 10-150 mg/ml, a system for which the concentration dependence of elution volume reflecting thermodynamic non-ideality outweighs that arising from solute self-association [12, 13] .
Having established the utility of frontal gel chromatography for the characterization of protein self-association, it was a logical progression to explore its potential for quantifying interactions between dissimilar reactants [14] . Although there have been several examples of the characterization of protein-protein interactions by frontal gel chromatography [14] [15] [16] , the method is most straightforward in instances where the complex(es) and the larger reactant co-migrate. Attention is therefore focused on the analysis of results for systems conforming with this restrictive requirement, which is met in studies of ligand binding.
Frontal exclusion chromatography and the characterization of ligand binding
In studies of the interaction between a protein (acceptor), A, and a smaller solute (ligand), S, the ligand is usually considered to be univalent in its interaction with protein, which may, however, possess several sites for interaction with ligand. Subject to the proviso that protein sites are equivalent and independent, the difference between the total ligand concentration in a protein-ligand mixture,C S = C S + i C ASi , and the free ligand concentration, C S , exhibits a rectangular hyperbolic dependence upon C S that is governed by the relationship
whereC A is the total concentration of acceptor in the mixture and K AS the intrinsic binding constant for the interaction of ligand with f sites on the protein. The goal of a binding experiment aimed at evaluating K AS and f is thus determination of C S for mixtures with known composition, C A ,C S . Frontal gel chromatography yields a direct measurement of C S in instances where the protein and protein-ligand complex(es) co-migrate [6, 14] . Under these conditions the trailing elution profile comprises a reaction boundary, across which all protein species disappear, and a pure ligand boundary with concentration equal to that of free ligand in the applied mixture. Determination of the stoichiometry (f ) and strength (K AS ) of the interaction between lactate dehydrogenase (A) and NADH (S) by frontal gel chromatography on Sephadex G-25 [17] is summarized in Figure 2(a) .
An important point to stress in relation to Figure 2 (a) is the reliance of the analysis upon assumed co-migration of protein and protein-ligand complexes. Gel chromatography on a matrix such as Sephadex G-25 is thus suitable for characterizing the interactions of proteins with small metabolites. Furthermore, the selection of a more porous chromatographic medium such as Sepharose 6B allows the same technique to be used with a protein as the partitioning ligand and an even larger macromolecule as acceptor. Because there is much less restriction on the size of the ligand, gel chromatography is clearly more versatile than equilibrium dialysis for the characterization of ligand binding.
Involvement in studies of protein self-association as well as ligand binding led to recognition of this combination of phenomena as a potential source of allostery in instances where ligand binds preferentially to one acceptor state [18] . The consequent displacement of the acceptor equilibrium position by preferential ligand binding may lead to a relatively minor change in the proportions of monomer and oligomeric states, and hence to only a small change in the elution volume of the protein constituent (V A ). Difference gel chromatography was therefore developed [19, 20] to facilitate The principle of difference gel chromatography is illustrated by a study designed to demonstrate the preferential binding of phenylpropiolate (a competitive inhibitor) to monomeric α-chymotrypsin [20] . Figure 2(b) shows the advancing elution profile obtained by applying α-chymotrypsin solution supplemented with 20 mM phenylpropiolate to a Sephadex G-75 column pre-equilibrated with ligand-free buffer. Because it moves faster than the phenylpropiolate front, the enzyme migrates into the ligand-free environment, where it adopts a constituent migration rate (elution volume) commensurate with the position of the monomer-dimer equilibrium in the absence of ligand. As a consequence, the elution profile (Figure 2b ) exhibits a preliminary plateau region with a lower enzyme concentration (c β A ) than that of the applied solution (c α A ), which is only attained after elution of the phenylpropiolate boundary at V S . Considerations of mass conservation [19] show that the relationship between the concentrations of acceptor in the two plateau regions is
A value ofc α A /c β A greater than unity implies thatV α A >V β A , which in turn signifies that the phenylpropiolate-free α-chymotrypsin solution has the greater proportion of dimeric enzyme. For phenylpropiolate the degree of preference for binding to monomeric α-chymotrypsin is relatively small in that K AS for dimeric enzyme is 80 % of that for monomer [20] .
Measurement of binding constants by affinity chromatography
Gel chromatography has much to offer as a method for characterizing macromolecular interactions; but the introduction of affinity chromatography [21] led to the development of an even more versatile technique for quantifying protein-ligand interactions. The initial step in the study of a protein-ligand interaction by quantitative affinity chromatography [22] [23] [24] is the selection of an affinity matrix that interacts specifically with the protein (A). This is often accomplished by attaching the biospecific ligand of interest (or an analogue thereof) to a gel matrix such as Sepharose to create a matrix-bound reactant (X) with affinity for A. Evaluation of the binding constant, K AX , for the interaction of a univalent protein with these matrix-bound affinity sites entails the analysis of elution volumes (V A ) obtained by frontal chromatography experiments with a range of applied protein concentrations C A in terms of the expression [25] : (5) allows the assignment of magnitudes toC X , the effective total concentration of immobilized affinity sites, and K AX .
Inclusion of the ligand of interest (S) in the sample subjected to frontal chromatography lowers the concentration of free A and hence decreases the extent of the proteinmatrix interaction. The concentration dependence of protein elution volume is still described by eqn (5). However, C A is no longer the applied concentration,C A , which includes the concentration of AS complex as well as that of free A. Because the free and total protein concentrations are related to the free ligand concentration C S by the expression C A =C A /(1 + K AS C S ), eqn (5) can be rewritten [26] as (6) whereK AX = K AX /(1 + K AS C S ). The binding constant for the protein-ligand interaction, K AS , may thus be determined from the slope of the dependence of K AX /K AX upon C S . Situations in whichC S = (C S + C AS ) is the ligand concentration of known magnitude may also be accommodated [26] [27] [28] .
An obvious limitation of the above analysis is the requirement that the protein be univalent in its interaction with immobilized affinity sites. The problem of allowing for protein multivalence was solved initially [29] by means of Flory reacted-site probability theory [30] , but has recently been addressed by a more conventional ligand-binding approach [31] . From the counterpart of eqn (6) for an f -valent protein, namely [32] [
K AX andC X may be evaluated from the linear dependence
. Such allowance for protein multivalence is illustrated by a frontal chromatography study of the interaction between lactate dehydrogenase and trinitrophenyl-Sepharose [25] . Open symbols in Figure 3 (a) summarize the analysis of results for enzyme alone (C A ≡ C A ,K AX ≡ K AX ) according to eqn (7) with f = 4 for this tetrameric enzyme: a binding constant of 1.5 × 10 5 M −1 is obtained from the slope (4K AX ). Because the effective total affinity-site concentration (C X ) of 28 µM must also apply to results obtained for lactate dehydrogenase in the presence of 5 µM (᭹) and 20 µM ( ) NADH, the magnitudes ofK AX referring to these free ligand concentrations (C S ) are also obtained readily. A binding constant (K AS ) of 1.3 × 10 5 M −1 is deduced from these data for the interaction of coenzyme with rabbit muscle lactate dehydrogenase (inset to Figure 3a) .
The final decade of the 20th century heralded the arrival of biosensor technology as a means of characterizing the biospecific interaction of a protein with immobilized affinity sites. Measurement of protein binding in the BIAcore instrument is analogous to frontal affinity chromatography in the sense that a solution of the partitioning protein flows across the affinity matrix located on a sensor surface that forms the base of a capillary channel [33] . The concentration of protein in the liquid phase thus eventually attains its injected value. However, whereas quantification in frontal affinity chromatography is based on protein concentrations in the mobile (liquid) phase, the biosensor employs surface plasmon resonance to monitorC AX directly. Although envisaged as a method for quantifying the kinetics of the interaction between protein and immobilized affinity ligand [33] , biosensor technology may also be used for thermodynamic characterization of the interaction by means of theory already developed in the context of quantitative affinity chromatography [34] .
Because of direct proportionality between the equilibrium binding response (R e ) and the concentration of matrix-bound protein [35] , the counterpart of the binding equation for a univalent partitioning solute may be written as
where R m isC X expressed in biosensor response units: and whereK AX andC A retain their descriptions given in relation to eqn (6) . Application of eqn (8) to BIAcore results for supplemented with a range of concentrations of competing cytokine. Data taken from [36] .
the interaction between covalently immobilized interleukin-6 and the soluble form of its receptor [36] is summarized in Figure 3(b) , from which R m = 2200 response units andK AX = K AX = 2.4 × 10 7 M −1 . Results of competition experiments involving supplementation of the applied receptor solution with interleukin-6 are analysed (inset to Figure 3b ) in terms of eqn (8) with C S determined from total ligand concentration (C S ) for this bivalent ligand [36] . A binding constant, K AS , of 4.8 × 10 7 M −1 for the competing interaction between interleukin-6 and its biospecific receptor in solution is obtained from the slope.
Concluding remarks
This review of the development of chromatography for the determination of reaction stoichiometries and equilibrium constants for protein interactions affords insight into an aspect of the technique with which many protein chemists are unfamiliar. It also summarizes some of my contributions that have led to the conversion of chromatography from a purely preparative procedure into one of the most powerful analytical methods available for the characterization of protein interactions. More detailed descriptions of these and additional approaches can be found in recent reviews of analytical exclusion chromatography [37] and quantitative affinity chromatography [38] .
